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ABSTRACT

The various fagtors determining the effi-
ciency of a gamma ray counter and its applicability
as a detector of gamme radiation are evaluated. As
an illustration of the practical application of the
theory to the construction of an ultra-sensitive
counter, such a counter has been built and tested.
The results verify the theory and prove that gamma
ray counters may be constructed with much greater
sengiltivity than the simple Geiger«Muller tube counter.
In estimating the ultimate range of counters for detec-
tion of radium, eriteria for "detection" ere discussed,
For rapld detection, i.,s., for measurements covering
about one second, it is shown that the above test
counter can reliably dete¢t 50 milligrems of radium
at 250 feet in alr and at almost 6 feet under water.



v+ AUTEORIZATION

tesknique for measurement of Xeray and gamma pay intensities,
hie authorization is under the Bureau of Ships Project Ordey
384/41. Refer to NRL letter N@-12 Rediography, of Septemben

counter can detect a given amount of radium arise not onily
in the problem of recovering lost radium, but also in con-
s$ldering possible uses of radium as a marker, The distance
at which a source of given strength may be detected is ge~
pendent on the sensitivity of the coynter, the background
eounting rate, and the speed of measurement. The purpose of
this report is (1) to estimate the 1imits to which the sengi-
tivity may be inereassd by improved counter design, (2) to
investigate generally accepted criteria fop what constitutes
"detection," as they are affected by counting rate and speed
of measurement, and (3) to describe the construction of a
counter of superior sensitivity and compare its performance
with theoreticsl predictions. -

IIl. KNOWN FACTS BEARING ON PROBLEMN

3. Jhe Geiger-Muller counter is by far the most sensi~
tive of all devices fop detection of individual charged
particles ang quanta of radiation. 30 great is its internal
anliification that a single electron sufficesg to trigger a
flow of charge of as many as ten billion electrons. This
triggering electron may enter the counter directly, or appear

anc Compton effect), or as the product of corpusculer ioniza-
tion due to energetlic charged particles, The common form of
G-ii counter, Plate 1, is simply a ¢ylindrical cathode and a
centered anods wire, enclosed in a glass envelope. Normally,
the tube is f£1lled with g fraction of an atmosphere of a
sultable gas, or mixture of gases, and a potential difference
of the order of 1,000 volts is applied to the electrodes. To
operate the tube as g G-M counter, the voltage is set to a
value somewhat less than is necessary to maintain a selfe
suatained discharge between the electrodes. All that is then
required to trigger a momentary discharge is the passage of
some lonizing radiation through the counter. By proper con-
struction of the counter and its associated_circuit, a disg-

charge triggered by the absorption of a quantum of radiation

-1 -



may be quenched very quickly. To determine the intensity
of radietion entering the counter, one measures the number
of discharge pulses per unit time. (For details of count-
ing ac?ion and circuits for counting pulses, see NRL Report
I-:"l-"joo . -

iV. THEORETICAL CONSIDERATIONS

A, Iheory of the Sgngitivitx of A Gamma Ray Counter.

4., The electrons that trigger the discharges in a
gamma ray counter are ejected from the cathode wall by
"Compton Scattering." This process is almost entirely re-
sponsible for gamma ray absorption in matter. Only a
negligible fraction of the gamma radiation that enters the
counter is absorbed in the gaseous volume, but every Compton
electron emerging from the cathode triggers a discharge. The
efficiency of a gamma ray counter must obviously depend on
the wall thickness of the cathode. The Compton electrons
are very strongly absorbed in the metal in which they are
broduced and may be thought of as having a "mean free path"
of the order of one or two millimeters. If the cathode is
made very thin, all the electrons may succeed in getting out
into the gaseous volume of the counter, but the thin wall
absorbs so few gamma ray quante that the number of electrons
produced iz small to start with. On the other hand, if the
cylinder is thick, a rmuch higher percentage of the primary
gamma radigtion is absorbed, but very few of the electrons
produced at depths grester than the "mean free path" can
penetrate the distance to the inner surface of the cylinder,
The existence of an optimum wall thickness may be shown by
& simple calculation (NRL Report M-1800). For this optimum
thickness, the calculated efficiency is given by:

Efficiency = number of counts : (1)
y = - !
number of primary quante Us

vitiere Wy = linear absorption coefficient for
geamma rays
Us = linear absorption coefficient for

electrons

cte retio ujfus, is approximately 0.01 for aluminum and
Ce013 {or brass. On the average, only one electron is

cjected end one count detected, for about 100 ineident

gusnte., :



5. 'The relative efficiencies of counters having
cifferent thicknesses of cylinder wall are given in Table I.

TABLE I
Wall Relative
thickness Efficiency
O.5 nm. «70
1.6 " .89
2.0 1 . .93
3.0 Y .91

Maximum efficlency is obtained for a thickness of
about 2 mm.

B. How tc Increase Efficiency of Simple Counter.

6. Two steps that may be taken to increase the number
o1 emergent secondary clectrons per primary quantum are:
(1) increasing the total surface per unit area of the cathode,
and (2) increasing the ratio of u; to us. In the first case,
it is possible to increase the surface area of a cylinder of
gilven volume by grooving the surface, or by fashioning the
eylinder out of fine wire mesh. When 100 mesh wire is em-
ployed, the efficiency is approximately double that of a
smooth cylinder. The second means of gaining efficiency is
to choose heavier metals for cathode material. With higher
atomic welght, the ganma ray absorption coefficient increases
more rapldly than the electronic absorption coefficient, A
counter with a lead cylinder has been foun? fc be 1.3 times
as efflicient as one with a copper cylinder 1

G. Use of a Multiplicity of Counters for High Efficiency.

7. A simple counter with a brass cyliner 1/32 of
an inch thick has an efficlency of about 1.24. If such a
counter Is used to measure the intensity of a beam of radia-
tion it absorbs about 5% of the incident energy. If the
first counter 1s backed by a similar counter, the second re-
ceives 95% of the original intensity and measures it with an
efficiency of 1.2%. The combined efficiency of the two
counters taken as a unit is therefore about 2.3%. Apparently,
all that is neceassary to increase the countlng efficiency, is
to add nmore counters in line with the measured beam of radia-
ticn, Fowever, there is a limit to the number of counters
that it is advisable to use since the gain in efficiency per
aucditional tube decreases steadily with the number of tubes.

-5-



To iilustrate this point, the efficiencies to be expected
froui combinations of tubes have been tabulated in Table II.

TABLE II

Combinations of Counters Having
Cylinder Walls 1/32 of an Ineh Thick

% of original % of original

.o, of intensity, intensity, Efficiency
Counters absorbed transmltted in %
5 23.6 76 .4 5.0
10 42.8 57.2 8.8
15 55.3 44,7 11.7
<0 6E5.7 34.3 13.9
25 73.1 26.9 15.6

8. It is apparent from Table II that little is to
ve pained by using wore than 25 tubes, since the gain per
cube becomes very smali. Ey constructing the cylinders of
100 mesh wire, the efficiencies may be doubled.

9. ©y reducing the wall thickness of the counter
¢crlincgers, the absorption of radiation is diminished but
this iz moroe than counterbalanced by the loss in efficiency,
as given in Teble 1. ‘

D. The Geiger-iuller Counter as a Detector of Gamma

e

Radistion - Statistics of the Counting Process

10. The electrons that trigger the discharges in a
counter errive &t random, and the laws of probability are
directly applicable to the counting process. Most important
iz the relation between the number of counts produced by a
siven ihtensity over & glven period of time and the precision
with which thiat iatensity is measured by the obtserved count-
ing rate. Tiis relation is expressed by:

£, = 0.67 nl/%, (2)

wirere L. 18 the nrobable error and n is the number of counts.
T+ e relttive orobable error is given by: :

B, = 0,67 n~L/? (2)



11. In using the counter as a detector of radiation,
it is important to consider the error introduced by the natural
vackground rate. This backzround rate is the nunber of counts
rer unit time resulting from radioactive contaminations in the
T nerial of which the counter is constructed and the normal

- te due to cosmlc rays.

12. If there are Ny counts due to a certain radia-
tion plus the vackground, snd Np counts due to the background
only, the prolable error of the difference, which is tg?
offect of the source being measured, 1s 0.67 (Nq + No) 2.

The relative probable error is:

Bp - oo.67 (Ny + N2)1/2 . (4)
Hy-Ng W, - Rg)

¥rom equation (4) it is apparent that the relative probable
error decreases with the square root of the counting rate.

13, PBefore discussing the relative merits of various
counters as detectors of radium gamma rays, it is essential
to set up criteria for what constitutes detection. Strictly
spseking, no counter may be said to be 100% certain of de-
tecting & glven source of radiation no matter how strong.
There is always soume probability of the counter failing to
count ‘& single gquantum in a finite time interval. To make
detection "certain,” this probability must be made very
small. The .relative probable error {equation 4) is a measure
of the probability of detection, since the odds against ob~-
taining a deviation greater than the probable error may be
evaluated for any probabls error, Table II1I1.

TABLE III

Ratio of Deviation 0dds Against
to Probavle Error Qccurrence

2.0 4,64

2.5 9.90

3.0 22.2

3.5 53.8

4,0 142.3

4,5 415.0

5.0 1,341.0

6.0 19,300.0

10.0 6.5 x 1010



14, In many publications congcerned with the detec-
tion of radium, the authors have assumed that a good crite- .
rion for detectlon 1s that the intensity of the source plus back-
ground be twice the background rate alone. According to
(4), the relative probable error of the measurement of the
efTect ol the source is then given by:

reiative probable error z P.E.=0.87 (3 N2)1/2 =67V 3

— . (5)
Ng ’VNz

15. What does this mean in terms of probability of
detecting the radium source? First of all, it must be
renembered that while the average background rate is well
defined, instantaneous values have a statistical distribu-
tion. Positive and negative values of the background rate
are equally probable, so that there is a 50% probabllity
of obtaining an indication higher than the average back-
ground rate with no radium present. Some criterion must be
established for minimizing the possibility of mistaking
background fluctuations for counts due to the radium radia-
tion. Suppose, for example, the background count in the
measured interval is 25. The probable error of this count
is 13.6%. If it is agreed that the odds against mistaking
background fluctuation for radium radiation be at least 25
to 1, then the minimum permissible indication constituting
"detection" must be (from Table III) sbout 2.83 times the
P. E, of the bagkground count, or 364. The P. E, of the
effect of the source over the background from equation (5)
is 24% when Ny = 50, Np £ 25. The maximum permissible
relative errof of (Ny - Np) 1s 64%, according to the above
restriction on background fluctuation. The odds against
occurrence of a relative error greater than 64% when the
P. E. is 24% ara about 27 to 1. To sum up then, when the
background count is doubled, making s combined count of 50,
the odds in favor of detection are 27 to 1, if the odds are
gset at 25 to 1l against mistaking a fluctuation of background
count for an effect of the source.

16. By increasing the counter sensitivity, inci-
dentally ralsing the background count from 25 to 100, the
odds in favor of detection become 400,000 to 1, if the odds
of 286 to 1 are preserved against background fluctuations.
Alternatively, the original odds may be maintained for de-
tection at almost twlce the origingl distence in eir from
source to counter. It is apparent, therefore, that the
highest possible counting rate must be sought for in

« 6 »



Getection of gamma radiatlion, even though the background
rate increases simultaneously with the counter sensitivity.

17. If a counter is placsd in a region of approxi-
motely uniform density of radiation, the counting rate is
,voportional to the area of the cathode. For high sensi-
t:vity in the detection of radiation from a distant source
1t therefore is desirsble to bulld the counter as large as
yracticabl?é One of the largest counters described in the
literature )is diagrammed in Plate (3). A copper tube
Iive feet long with 1/16 inch wall, formed the cathode.
About one foot of this length was left to accommodate a
eher-Harper circuit and an additional stage of amplifica=
tion. The Pyrex bowls which seal the ends were commercial
transmitting station lead-in-bowls, with the edges ground
to Iit inside the six inch tubing. Commercigl argon at &
prassure of seven centimeters, constituted the gas filling
of the counter. The background rate, Ng, was about one (3)
Lundred counts per second. According to the results of Taft
as shown in Plate (2}, the background rate, for a counter in
air, is doubled at a distance of sbout 200 feet ffom a 50 mg.
source. The odds in favor of detecting, in one second, the
effect of a 50 mg. source at 200 feetl from this large counter
ere 400,000 to 1.

Ve EXPERIMLNTAL RESULL S

18. Aissuming the volume of & counter is restricted
to & given size, how may the maximum sensitivity be obtained?
From paragraph (7), it is obvious that by filling the given
volume with & multiplicity of small diasmeter counters,
efficiencies as high as 40% may be obtained. A counter of
tinis type wes bullt, containing 37 individual counters,
connected in parsllel. Plates (4) and (5) are scale draw-
ings of cross-sections of this multiple counter. Plates 6,
7, and 8 are photographs showing the construction. The
individual counters are of brass tubing, 12 inches long and
5/3 inch in éiameter. The wire anodes are supported by mica
Gaiske, punched to fit the ends of the brass tubes. To
insulate tne wire system from the assembly of cylinders,
the wires are passed through glass caplllaery tubing, where
they emerge through the mica disks. The entire system is
onolosed in & brass cylinder with 1/16 inch wall, closed
at the ends by disks of brass, 1/8 inch thicks This brass
conteiner acts as common electrode for all the cylinders.
™o common 1lead from the wire system is brought out through
an isolsntite bushing.



19.

The total area of cathode surface in the mul~

tiple counter is equivalent to that of & simple counter
having 4.2 times as large a volume as the multi-cylinder
It should therefore behave very similarly te the

counter,

counter described in paragraph {1).

its measured background

rate is 140 counts per sscond compared to the 100 per second
of the 4 foot counter,
rate may be attributed to the greater length of wire anode.¥
The maximum number of cylinders scross a diameter of the

counter is 7.
counters in line 1s about 7%.
1% per individual counter, the

Much of the difference in background

From Table I1, the efficiency of seven
Assuming an efficlency of
counting rate to be expected

from a 50 milligram source at any distance, may be roughly

calculated.

Table IV gives the counting rates for various

distances in air from a 50 milligram source, determined with

a "frequency meter" (see NRL Report 1i-1800), and the odds

in favor of detection when measurements are made for one

second. For detection of radiation under water, the corre-

sponding data are given in Table V. These data were

coimputed from the experimental observations shown on

Plates 9, 10 and 11.

TABLE V
Measured Count-

Distance Calculated ing rate (li; + Relative 0dds in
in alr counting rate Kp) minus back- error of favor of
from source due to source ground (No = difference detect-
to counter  (Counts per 140/sec.) {Counts (Ny - N5) ing 50 mg.

(£t.) second) per second) (4) ° of radium

s 0 . 1/25 to 1

350 26 33.0 1/16 to 1

300 38 40 22,0 12 to 1

250 58 80 16.0 285 to 1

200 106 110 9.7 =107 to 1

150 190 a0 6.0

160 460 470 D46

#Spurlous background counts tend to arise because of sharp
roints and dust particles on the wire anode. The
the anode wire, the greater 1s the probability of
ing spurlous counts. :

longer
obtain-



TABLE VI

I:istance Calculated Measured Count- Relative Odds in
In water counting rate ing rate, {Ny + error of favor of
f190: source due to source N,) minus back- difference detecting
tu counter  (Counts per ground (No = (N = Ng) 50 mg. of
(£t.) second) 140/sec . . (%) radium
Caxs 0 _ 1/25 to 1
8 33 30 29.0 5 to 1
5 192 180 6.7 >1012 to 1
4 990 750 2.7 °

20. From Taeble V, it appears that the test counter
is capable of almost "certainly! detecting 50 milligrams of
radium-in one gecond at 250 feet. If the measuring interval
is increased to 1000 second, the range is extended consider- .
ably. At 1000 feet, the odds in faver of detection then
become 1l to 1., Table VI shows that in one second, the
counter cannot fail to detect a 50 milligram source at five
feet under water, but increasing the distance by only one
foot, drops the odds to as little as 5 to 1.

VI. SUMMARY AND CONCLUSIONS

2l. A sensitive gamma ray counter has been built
to illustrate a design capable aof yielding many times the
sensitivity of the simple Geiger-Muller tube counter. The
measured response of this counter to a 50 milligram source
of radium at various distances in air and in water, agrees
with theoretical expectations. It is entirely feasible to
build such counters many times as large as the model here
described and accordingly obtain extremely sensitive
detectors of radium.

22. The particular design of sensitive counter disg=~
cussed in this report is only one of three types described
in WRL Report 1i~-1800, all designed according to the basic
principle of obtaining maximum cathode surface. Greatest
efficlency in a limlited volume is obtained with the multiple-
declt type couanter, but its construction is considerably more
complicated than that of the multi-tubs counter.
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